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Development of Peyer’s patches and lymph
nodes requires the interaction between CD4+
CD3 IL-7Ra+ lymphoid-tissue inducer (LTi)
and VCAM-1+ organizer cells. Here we showed
that by promoting their survival, enhanced
expression of interleukin-7 (IL-7) in transgenic
mice resulted in accumulation of LTi cells.
With increased IL-7 availability, de novo for-
mation of VCAM-1+ Peyer’s patch anlagen oc-
curred along the entire fetal gut resulting in a
5-fold increase in Peyer’s patch numbers. IL-7
overexpression also led to formation of multiple
organized ectopic lymph nodes and cecal
patches. After immunization, ectopic lymph
nodes developed normal T cell-dependent B cell
responses and germinal centers. Mice overex-
pressing IL-7 but lacking either RORg, a factor
required for LTi cell generation, or lymphotoxin
a1b2 had neither Peyer’s patches nor ectopic
lymph nodes. Therefore, by controlling LTi cell
numbers, IL-7 can regulate the formation of
both normal and ectopic lymphoid organs.
INTRODUCTION
Peyer’s patch (PP) and lymph node (LN) organogenesis is
initiated through signaling events that require the interac-
tion between two cellular partners of hematopoietic and
mesenchymal origin (Adachi et al., 1997; Mebius et al.,
1997; Yoshida et al., 1999). Adoptive transfer studies in
mice have identified fetal hematopoietic CD45+ CD4+
CD3 cells expressing both IL-7Ra (CD127) and lympho-
toxin (LT) a1b2 as playing a pivotal role in lymphoid tissue
induction (Finke et al., 2002; Fukuyama et al., 2002). PP
development is initiated through the interaction of CD4+
CD3 lymphoid tissue inducer (LTi) cells with VCAM-1-
expressing mesenchymal cells. This cellular interaction,which involves integrins, lymphotoxin b receptor (LTbR),
and tumor necrosis factor (TNF) receptor I (De Togni
et al., 1994; Futterer et al., 1998; Kuprash et al., 2005),
leads to cell-cluster formation, induction of chemokine
production by mesenchymal cells, and subsequent re-
cruitment of mature lymphocytes (Honda et al., 2001;
Ngo et al., 1999). Consistent with this, the chemokine
CXCL13 and its receptor have been identified as impor-
tant factors in the development of PP and LN (Ansel
et al., 2000; Forster et al., 1996).
A similar role for CD4+ CD3 cells as inducers of periph-
eral LN development was shown (Eberl et al., 2004; Yosh-
ida et al., 2002). LN development starts with the accumu-
lation of IL-7Ra+ cells at prospective sites of LN formation
in E12.5 fetal mice (Yoshida et al., 2002). Through inhibi-
tion of the LTbR pathway, it could be shown that there is
a time window (E11.5 to E16.5) for temporally and spatially
coordinated LN development (Rennert et al., 1996).
The IL-7R-signaling pathway is required for the assem-
bly of LTi and organizer cells during PP anlagen formation
(Adachi et al., 1998). Accordingly, the single injection of
a blocking IL-7R antibody (Ab) before E15.5 is sufficient
to prevent PP but not LN development (Yoshida et al.,
1999). Notably, several LN are still detectable in both
IL-7Ra-deficient mice and mice lacking the IL-7R down-
stream signaling molecule JAK3, although PP are absent
(Adachi et al., 1998; Luther et al., 2003). Altogether, these
data imply that PP and LN development are differentially
regulated and, in contrast to PP, that LN organogenesis
is only partially dependent on IL-7Ra.
It is generally accepted that the developmental program
for lympho-organogenesis is turned off after birth. How-
ever, in both reactive lymphoid hyperplasia and follicular
hyperplasia, remodeling of lymphoid tissue has been ob-
served. In addition, in inflammatory lesions of autoimmune
diseases, allergic reactions, microbial infections, and
chronic graft rejections, ectopic lymphoid tissues named
‘‘tertiary lymphoid organs’’ can develop (Aloisi and Pujol-
Borrell, 2006; Drayton et al., 2006).
Neonatal LN cell suspensions containing LTi cells and
stromal organizer cells injected intradermally into miceImmunity 26, 643–654, May 2007 ª2007 Elsevier Inc. 643
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Lympho-Organogenesis in IL-7 Transgenic MiceFigure 1. Monitoring of CIITA Tg and IL-7
Tg Expression in Fetal Mice
(A) Tg mice expressing CIITA ubiquitously
through MT50, MT30, and SRa elements were
crossed with MHC class II I-E IL-7 mice.
(B) The proportion of I-E+ cells in the E 14.5 FL
of WT and H-IL-7 mice was measured by flow
cytometry. Shown are cytogram displays of
cells stained with the indicated markers. Num-
bers in the quadrants indicate the percentage
of cells expressing the respective marker.
These data are representative for 5 indepen-
dent experiments.
(C and D) IL-7 transcripts were quantified by
real-time PCR in E14.5 fetal liver (C) and intes-
tine (D). Values were normalized to TATA box-
binding protein (TBP), and increase of IL-7
mRNA in H-IL-7 and IE-IL-7 compared to WT
controls are shown. Values represent the
mean of 3 to 5 mice.are able to aggregate and form lymphoid-like structures
(Cupedo et al., 2004). This study convincingly shows
that LTi cells are able to reorganize lymphoid stroma after
dissociation but it does not answer the question of
whether LTi cells are able to generate de novo ectopic
lymphoid organs.
In order to address this question, we have used IL-7
transgenic (Tg) mice expressing different amounts of IL-7.
In these mice, LTi cell numbers were increased as a result
of IL-7-dependent enhanced survival and, to a minor ex-
tent, proliferation of the cells. We observed multiple PP
developing throughout the entire small intestine, and in
addition, numerous organized ectopic LN (ELN) and cecal
lymphoid patches (LP) were formed. Ectopic lymphoid tis-
sue development was dependent on the presence of LTi
cells and their expression of LTa1b2. Our data demon-
strate that de novo lympho-organogenesis is a highly plas-
tic process, which can be regulated by IL-7, LTi cell num-
bers, and LTa1b2 expression. These data shed new light
on possible mechanisms involved in tertiary lymphoid
tissue development in chronic inflammatory diseases.
RESULTS
Fetal IL-7 Tg Expression Results in Increased
Number and Size of PP
To investigate the role of IL-7 in the formation of lymphoid
tissue, we used Tg mice expressing different amounts of
IL-7. In the first mouse type (IE-IL-7), murine IL-7 was ex-
pressed under the control of the MHC class II Ea promoter
(Mertsching et al., 1996). In the second type, IE-IL-7 mice
were crossed with animals expressing the MHC class II
transactivator (CIITA) under the control of the ubiquitous
SRa promoter (Figure 1A; Otten et al., 2003). The CIITA
transactivator increases transcription from MHC class II644 Immunity 26, 643–654, May 2007 ª2007 Elsevier Inc.promoters, and therefore, in double Tg mice (H-IL-7
mice), the ubiquitous synthesis of CIITA promoted sys-
temic IL-7 Tg expression. In the E14.5 fetal liver (FL) of
wild-type (WT) (non-Tg litter control) mice, the majority
of cells were negative for MHC class II I-E and CD45
(Figure 1B). However, in H-IL-7 mice, 19.3% CD45+ and
19.9% CD45 cells expressed I-E as a consequence of
CIITA Tg expression in the FL. Accordingly, a 2.3- and
6.8-fold increase in total IL-7 transcripts was detectable
in the FL of IE-IL7 and of H-IL-7 mice, respectively, as
compared to WT controls (Figure 1C). In the fetal intestine,
IL-7 transcripts were increased only 2.3-fold in IE-IL-7 but
15.9-fold in the H-IL-7 mice (Figure 1D). At all ages tested,
IL-7 transcripts were more abundant in H-IL-7 Tg com-
pared with IE-IL-7 Tg mice (data not shown).
We used IE-IL-7 and H-IL-7 mice to test the effect of en-
hanced IL-7 availability on the formation of PP in the intes-
tine. Two VCAM-1+ PP anlagen were detectable in the
proximal small intestine of E16.5 WT and IE-IL-7 mice
(Figure 2A and data not shown). In E16.5 H-IL-7 mice,
a continuous band of VCAM-1+ cells could be identified
on the antimesenteric side of the entire small intestine
(Figure 2A). Coexpression of ICAM-1 and VCAM-1 is char-
acteristic of PP organizer cells (Adachi et al., 1997; Honda
et al., 2001). By flow cytometry, we found a 5-fold increase
in the percentage of VCAM-1+ ICAM-1+ organizer cells in
the small intestine of E16.5 fetal H-IL-7 mice (Figure 2B).
There was a clear correlation between high IL-7 expres-
sion and increased PP numbers with 6.6 ± 1.3 in WT and
8.0 ± 2.0 in IE-IL-7 but 31.4 ± 9.4 in H-IL-7 mice
(Figure 2C). The increase in PP numbers was found in
both the proximal and distal parts of the intestine
(Figure 2D). PP of H-IL-7 newborn animals were larger in
diameter, and in addition to isolated VCAM-1+ spots, elon-
gated clusters of VCAM-1+ cellular aggregates could be
Immunity
Lympho-Organogenesis in IL-7 Transgenic MiceFigure 2. VCAM-1+ Organizer Cells Expand in the Developing Gut of H-IL-7 Mice
(A) Expression of VCAM-1 in the gut of E 16.5 WT and H-IL-7 mice detected by whole-mount immunohistochemistry. Dotted lines show VCAM-1+
cluster.
(B) The proportion of VCAM-1+ ICAM-1+ organizer cells in the E 16.5 gut was measured by flow cytometry. Number indicates the percentage of
VCAM-1+ ICAM-1+ cells.
(C) Total PP number in neonatal WT (n = 10), IE-IL-7 (n = 12), and H-IL-7 (n = 8) mice determined by VCAM-1 whole-mount immunohistochemistry.
Significantly different values are indicated: ***p < 0.001.
(D) PP localization in newborn intestine of WT and H-IL-7 mice, indicated by arrows.
(E) VCAM-1+ cluster formation in newborn H-IL-7 mice indicated by dotted lines.identified (Figure 2E). Equivalent structures were not de-
tectable in IE-IL-7 or in WT mice. The phenotype of single
CIITA Tg mice was identical to WT mice, demonstrating
that CIITA overexpression alone had no effect on PP or-
ganogenesis (data not shown). Altogether, these data
demonstrate that the whole length of the antimesenteric
side of the gut was potentially capable of forming PP.
The additional PP seen in H-IL-7 mice were still detectable
in adults (Figure S1A in the Supplemental Data available
online). The number of lymphoid follicles found in individ-
ual PP was markedly increased in both IE-IL-7 and H-IL-7
mice (Figure S1B).
IL-7 Induces the Development of ELN and Cecal LP
To enumerate the number of LN in mice differing in IL-7 ex-
pression, Chicago blue dye was injected into the footpads
of adult H-IL-7, IE-IL-7, WT, and Il7/ mice. In Il7/ mice,
the number of LN was largely reduced or absent relative to
WT mice (Figure S2). In H-IL-7 mice, the size of LN was en-
larged relative to WT mice (Figure 3A), and multiple ELN
were found in various regions such as the axilla, mediasti-
num, and within the abdominal cavity (Figure 3A, Table 1;
Figure S3). In IE-IL-7, some but not all ELN were found
(Table 1). As expected, WT mice were completely free ofELN development. ELN contained a normal ratio of
CD4+ to CD8+ T cells (Figure 3B). 10% to 12% of cells
found in the LN of H-IL-7 mice were CD93+ CD19+ B cell
precursors (Figure 3B) expressing c-Kit (CD117) but not
IgM (data not shown). This is in agreement with previous
studies demonstrating that in IE-IL-7 mice, the number
of IL-7-dependent late pro-B, pre-BI, and pre-BII cells in
peripheral lymphoid organs was dramatically increased
(Mertsching et al., 1996). The absolute T and B cell num-
bers of ELN from H-IL-7 and inguinal LN (ILN) from WT
mice were comparable (Figure 3C). In contrast, CD4+
T cell and CD19+ B cell numbers were 2-fold increased
in ILN of H-IL-7 mice as compared to WT controls.
Immunohistochemical examination of ILN and ELN from
adult H-IL-7 mice revealed that, like WT mice, there was
a normal segregation into B cell follicles and paracortical
T cell areas (Figure 3D). Intriguingly, in all H-IL-7 mice ex-
amined, multiple LPs were found in the proximal cecum
(Figure 3E, middle two images) and colon (data not
shown). In contrast to isolated lymphoid follicles or inflam-
matory infiltrates, these LPs were organized into B cell fol-
licles interspersed with T cell zones (Figure 3E, bottom).
LPs were clearly distinguishable from the well-described
solitary lymphoid patch in the distal cecum of WT mice.Immunity 26, 643–654, May 2007 ª2007 Elsevier Inc. 645
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Lympho-Organogenesis in IL-7 Transgenic MiceFigure 3. IL-7 Is Involved in the Development of Ectopic LN
(A) 4 days after s.c. injection of Chicago blue dye, the ILN of WT (left) and H-IL-7 (right) mice became apparent. An ELN (indicated by arrow) is shown in
proximity to the ILN of H-IL-7 mice.
(B) LN single-cell suspensions of H-IL-7 and WT mice were analyzed by flow cytometry with the indicated monoclonal antibody. Data are represen-
tative of 5 experiments.
(C) Absolute cell numbers (3106) of T and B cells in WT LN (inguinal) and H-IL-7 LN (inguinal) and ELN are shown.646 Immunity 26, 643–654, May 2007 ª2007 Elsevier Inc.
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Lympho-Organogenesis in IL-7 Transgenic MiceThese results demonstrate that increased IL-7 availability
resulted in the ectopic formation of organized LN and of
intestinal LPs.
In order to test the functional activity of ELNs, mice were
injected s.c. with the T cell-dependent antigen 4-hydroxy-
3-nitrophenylacetyl hapten conjugated to chicken g globin
(NP-CGG) precipitated in Alum. 9 and 14 days after immu-
nization, the numbers of low- and high-affinity Ab-produc-
ing cells were tested in draining and nondraining LNs. The
number of specific Ab-producing cells in draining popliteal
LNs and ELNs increased between day 9 and 14, whereas
at no time tested were we able to detect NP-specific Ab-
producing cells in nondraining LNs (data not shown). On
day 14, draining popliteal LNs from WT and H-IL-7 mice
generated comparable numbers of specific Ab-secreting
cells after immunization, whereas the number of both
NP-specific high (NP3)- and low (NP30)-affinity Ab-
producing cells in ELN was dramatically increased (Fig-
ure 3F). Draining ELN contained germinal centers with
PNA+ and GL-7+ IgD cells, indicating that normal T-B col-
laboration occurred in ELN of immunized H-IL-7 mice
(Figure 3G). In order to determine immune responses at
earlier time points, we injected mouse mammary tumor
virus (SW) s.c. and measured Syndecan 1+ class IIlo plas-
mablast and Vb6+ CD4+ T cell responses on day 6 after im-
munization (Ardavin et al., 1999). The draining ELN and
popliteal LN showed comparable responses (data not
shown). Importantly, upon immunization with adjuvant,
a procedure that induces a local inflammatory response,
additional ELN were formed in H-IL-7 but not in WT
mice. Whereas in most naive H-IL-7 mice, 1 ELN was
Table 1. Increased Availability of IL-7 Induces Ectopic
LN
Number of Positive Mice
Ectopic LNs WT IE-IL-7 H-IL-7
Inguinal 0/12 2/11 11/13
Axillary 0/12 3/11 13/13
Mediastinal 0/12 2/11 12/13
Abdominal 0/12 1/11 13/13
Intercostal 0/12 0/11 9/13
Pancreatic 0/12 0/11 7/13
Cecal patches 0/12 3/11 13/13
4 days after Chicago blue injection into adult mice, quantita-
tive assessment of the number of mice generating the indi-
cated ectopic LN and cecal lymphoid patches was performed
by stereomicroscopy. WT (n = 12) mice were compared with
IE-IL-7 (n = 11) and H-IL-7 (n = 13) mice.found symmetrically at both sides of the inguinal region
after injection, after immunization we found 3 to 4 addi-
tional ELNs exclusively at the site of injection. The im-
munization-induced ELNs contained a striking frequency
of NP-specific B cells (data not shown). Independently of
any immunization, we also found numerous ectopic lym-
phoid follicles in autoimmune target organs such as the
pancreas and salivary gland (data not shown). Taken to-
gether, our data indicate that the increased availability of
IL-7 led to the spontaneous and immunization-induced
formation of tertiary lymphoid organs.
LTi Cells Are Required for De Novo PP and LN
Formation in H-IL-7 Mice
In neonatal mice, RORgt, a nuclear orphan receptor, is
preferentially expressed in LTi cells, and RORg-deficient
mice lack LTi cells (Eberl et al., 2004; Sun et al., 2000).
To explore whether LTi cells were required for the de
novo formation of additional PP and LN, we backcrossed
H-IL-7 mice to RORg-deficient mice. Whole-mount
VCAM-1 immunostaining of newborn intestine from
H-IL-7 RORg-deficient mice revealed that PP develop-
ment was completely blocked (Figure 4A, right). This
was consistent with the absence of LTi cells in the spleen
of neonatal H-IL-7 RORg-deficient mice (Figure 4B, right).
ELN were absent in H-IL-7 RORg-deficient mice (Fig-
ure 4C), suggesting that their development was depen-
dent on the presence of LTi cells.
LTa1b2 expressed by LTi cells is a crucial component in
secondary lymphoid organ development. In order to test
whether the effect of increased IL-7 availability was
LTa1b2 dependent, H-IL-7 mice were crossed to Lta
/
animals. As shown in Figure 4D, H-IL-7 Lta/ mice were
devoid of any ELN, thereby demonstrating that LTa1b2
was required for the formation of ectopic lymphoid tissue.
LTb transcripts were increased 3.8-fold in IE-IL-7 and
14.8-fold in the whole intestine of E16.5 H-IL-7 embryos,
respectively (Figure S4A) at a time when the majority of
LTa1b2-expressing cells in the gut are LTi cells. FACS anal-
ysis showed that the mean fluorescence intensity of
LTa1b2 on LTi cells was increased to the same extent in
both IE-IL-7 and H-IL-7 mice (Figures S4B and S4C). These
data suggest that the increase in total LTb transcripts in the
intestine of H-IL-7 mice was the result of both increased
LTa1b2 expression and frequency of LTi cells.
H-IL-7 Mice Have Elevated Numbers of LTi Cells
The elevated amount of LTb transcripts in fetal H-IL-7
mice prompted us to quantify LTi cell numbers in these
mice. A 4-fold and 23-fold increase in mean number of
LTi cells was observed in the spleen of E16.5 (1.8 3 103(D) Immunohistochemistry of frozen sections of LN of 4-week-old WT mice and H-IL-7 with anti-B220 (brown) and-CD3 (blue) Ab.
(E) Multiple cecal LPs were identified in H-IL-7 mice (indicated by arrows). Immunohistochemical staining of cecal LPs with the indicated Ab is shown
in the lower panel.
(F) Number of NP3 and NP30-specific Ab-secreting cells per 105 total LN (popliteal) cells from WT and LN (popliteal) and ELN cells from H-IL-7 mice 2
weeks after s.c. immunization with NP-CGG and alum (n = 3–5).
(G) Immunofluorescence staining of draining popliteal LN (WT) and ELN (H-IL-7) of mice 2 weeks after s.c. immunization with NP-CGG and alum. MAb
specific for IgD (red) and GL-7 (green) as well as PNA (green) were used. Data are representative for analysis of three individual mice per group.Immunity 26, 643–654, May 2007 ª2007 Elsevier Inc. 647
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Lympho-Organogenesis in IL-7 Transgenic MiceFigure 4. RORg and LTi Cells Are Required for PP Amplification in H-IL-7 Mice
(A) Whole-mount immunohistochemistry (anti-VCAM-1) of intestine isolated from neonatal WT (RORg-heterozygous littermates), H-IL-7 (RORg het-
erozygous), and H-IL-7 RORgKO (RORg-deficient) mice. PP anlagen are indicated by arrows. A mean of 5 PP was found in WT (n = 7), 21 PP in H-IL-7
(n = 3), and 0 PP in H-IL-7 RORg KO mice (n = 3).
(B) Flow cytometry analysis of single-cell suspensions from neonatal spleen of WT, H-IL-7, and H-IL-7 RORgKO mice. The circular gates were used to
calculate the percentage of CD4+CD3 cells among total lymphocytes.
(C) The number of ELN found in individual mice is shown. 3 to 7 mice per group were analyzed.
(D) H-IL-7 mice were backcrossed to Lta/ mice and the number of ELN was determined. 3 to 4 mice per group were analyzed.cells) and neonatal (2.33 104 cells) H-IL-7 mice (n = 6) rel-
ative to WT controls (n = 6) (Figure 5A). Similarly, a signifi-
cant increase in mean LTi cell number was also observed
in LN of H-IL-7 mice (n = 6) (Figure 5B). LTi cell numbers
were not significantly elevated in fetal and neonatal
IE-IL-7 mice. Our results were further supplemented by
analysis of the gut of newborn (D 3.5) mice. We observed
a massive colonization of the H-IL-7 small intestine by LTi
cells (Figure 5C, top right). These LTi cells were not found
within clusters of CD3+ T cells (Figure 5C, top), but were
forming tight follicles before B220+ B cells accumulated
in these segregated areas (Figure 5C, bottom left). In con-
trast to CD4+ cells, VCAM-1+ organizer cells were not ex-
pressing IL-7Ra, making it unlikely that organizer cells
were directly responsive to IL-7 (Figure 5C, bottom middle
and right).
We have previously shown that adoptively transferred
LTi cells from WT mice are able to restore PP formation
in neonatal Cxcr5/ mice (Finke et al., 2002). In order to
test whether CD4+CD3 cells from H-IL-7 mice were func-
tional LTi cells, sorted CD4+CD3 cells were adoptively
transferred into neonatal Cxcr5/ mice. Transfer of
9000 sorted cells was sufficient to induce the develop-648 Immunity 26, 643–654, May 2007 ª2007 Elsevier Inc.ment of 10 PP in Cxcr5/ mice, a number comparable
to that in WT mice (Figure S5A). The PP-like follicles in re-
constituted Cxcr5/ mice, however, were smaller as
compared to PP in WT mice, probably as a result of inef-
ficient colonization with CXCR5-deficient B cells. One of
the hallmarks of LTi cells is their expression of RORgt tran-
scripts. Therefore, to confirm that the CD4+CD3 cells
found in H-IL-7 mice were LTi cells, we determined the
amount of RORgt transcripts in sorted LTi cells from neo-
natal spleen of H-IL-7 mice (Figure S5B). As negative con-
trol, CD4+ T cells from H-IL-7 mice were used, and as pos-
itive control, total thymocytes from WT animals were used.
RORgt transcripts were found in CD4+CD3 cells and, as
expected, in thymocytes. Similarly, thymocytes from H-
IL-7 mice were positive for RORgt transcripts (data not
shown). Altogether these data show that CD4+CD3 cells
found in high numbers in H-IL-7 mice are functional LTi
cells.
IL-7 Is a Survival Factor for Fetal Progenitor
and LTi Cells
It was reported that IL-7Ra+ lin FL cells were progenitors
of LTi cells and that they expressed a4b7 integrin (Mebius
Immunity
Lympho-Organogenesis in IL-7 Transgenic MiceFigure 5. IL-7-Dependent Increase in LTi Cell Numbers
(A) Flow cytometry of splenocytes from E16.5 fetal and newborn (n = 6) WT, IE-IL-7, and H-IL-7 mice. A live gate was used to exclude dead cells.
Shown are mean values ± SD. Significantly different values of absolute cell numbers are indicated: **p% 0.01, *p < 0.05. For newborn spleen (right)
a logarithmic scale was used.
(B) The absolute number of CD4+ CD3 LTi cells in mesenteric LN (n = 6) from WT, IE-IL-7, and H-IL-7 mice.
(C) Immunohistochemistry of serial frozen sections from small intestinal PP of WT, IE-IL-7, and H-IL-7 mice 3.5 days after birth stained with the
indicated Ab. The antimesenteric side of the intestine is highlighted by a dotted line. Data are representative for analysis of 3 to 4 mice per group.et al., 2001; Yoshida et al., 2001). To explore whether
these FL progenitors were already expanded in H-IL-7
mice, we examined the absolute number of a4b7+ FL cells
in the E14.5 FL. Comparing fetal WT with H-IL-7 mice
(E14.5), the absolute number of a4b7+ FL cells was in-
creased more than 2-fold (Figure 6A). We could clearly
discriminate these FL progenitors from early B cell-
committed precursors, which were B220hi and CD19hi.
To determine whether the increase in a4b7+ progenitors
was the result of IL-7-driven proliferation, we pulsed E14.5
pregnant mice with bromodeoxyuridine (BrdU) and after
1.5 hr labeling determined BrdU incorporation into a4b7+
progenitor cells by flow cytometry (Figure 6B). No differ-
ence in proportion of proliferating cells was observed
when WT mice (34.9% of gated cells, mean fluorescence
intensity [MFI] 36) were compared with H-IL-7 mice (31%
of gated cells, MFI 32.7). To determine the rate of prolifer-
ating LTi cells, a 5 hr in vivo BrdU pulse of newborn ani-
mals was performed. The proportion of labeled LTi cells
in the spleen of WT mice (13%, MFI 92) and H-IL-7 mice
(8%, MFI 70) were not significantly different.
In order to investigate whether IL-7 promoted the sur-
vival of LTi cells and their progenitors, sorted a4b7+ cells
isolated from FL of E14.5 WT mice were cocultured with
ST-2 stromal cells. In the absence of added IL-7, the
absolute number of a4b7+ cells at day 9 of culture dramat-
ically dropped, and cells completely disappeared in cul-
tures containing a blocking anti-IL-7Ra Ab (Figure 6C,
left). We were able to detect commitment of a4b7+ cellsinto LTi cells provided IL-7 was present in culture (Fig-
ure 6C, right). In order to study the direct effect of IL-7 on
survival of LTi cells, sorted CD4+CD3 cells from newborn
spleen of H-IL-7 mice were cultured on stromal cells. In the
absence of added IL-7 and even more strikingly in cultures
containing anti-IL-7R Ab, LTi cell numbers were signifi-
cantly decreased (Figure 6D). Similar results were obtained
from studies with WT LTi cells (data not shown). To address
the question of whether cells became apoptotic in the ab-
sence of IL-7, a4b7+ FL cells from E14.5 WT mice were
sorted and cultured in the presence of IL-7. After 7 days,
IL-7 was withdrawn and 2 days later, Annexin V and
7AAD labeling of cells was performed. Our results show
that removal of IL-7 significantly increased the percent
Annexin V+ 7AAD+ apoptotic a4b7+ FL cells and their LTi
progeny (Figure 6E). These data were in agreement with
the observation that in fetal H-IL-7 mice, the expression
of FAS, a proapoptotic protein, was reduced (data not
shown). In order to confirm the effect of IL-7 on LTi cell
survival rather then proliferation, we tested carboxy fluo-
rescein succinimidyl ester (CFSE)-labeled hanging-drop
cultures of neonatal WT splenocytes. In the absence of
IL-7, cell recovery of LTi cells was reduced by 37% already
at day 1 of culture (Figure 6F, right). In contrast, the profiles
of CFSE fluorescence intensity at day 1 revealed no signif-
icant difference in the number of cell divisions with or with-
out IL-7 (Figure 6F, left). Flow cytometry of 3-day cultures
revealed that (1) all LTi cells had a reduced CFSE fluores-
cence intensity within 3 days indicating cell division andImmunity 26, 643–654, May 2007 ª2007 Elsevier Inc. 649
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Lympho-Organogenesis in IL-7 Transgenic MiceFigure 6. IL-7 Promotes the Survival of a4b7+ FL Progenitor Cells and of LTi Cells
(A) The absolute number of a4b7+ cells calculated with flow cytometry of E14.5 FL from WT (n = 4) and H-IL-7 mice (n = 6). Shown are mean
values ± SD.
(B) Flow cytometric analysis of BrdU incorporation into (left) a4b7+ cells derived from E14.5 FL (WT versus H-IL-7) and (right) splenic CD4+ CD3 LTi
cells derived from neonatal spleen (WT versus H-IL-7), after in vivo pulse with BrdU. The FACS profile is representative for 3 independent experiments
with 3 to 5 mice per group.
(C) 1.8 3 105 sorted a4b7+c-Kit+ lin FL cells from WT mice (E14.5, n = 8) were cultured on ST-2 stromal cells with or without IL-7 supernatant or
alternatively with blocking anti-IL-7Ra Ab. After 9 days, the absolute cell number of a4b7+c-Kit+ cells and CD4+CD3 LTi cells was determined.
The experiment was repeated three times. Data represent mean values ± SD. **p < 0.01.
(D) 5 3 103 sorted CD4+CD3 LTi cells of newborn H-IL-7 mice (n = 6) were cultured, and cell recovery was determined at day 15 of culture. Data
represent mean values ± SD.
(E) Sorted a4b7+c-Kit+ cells from FL of E14.5 WT mice (n = 8) were cultured for 7 days in medium containing IL-7 followed by incubation with or without
IL-7. 48 hr later, Annexin V labeling of 7AAD+ cells was determined in both a4b7+c-Kit+ and CD4+CD3 LTi cells. Data represent mean values ± SD.
(F) CFSE profiles of gated CD4+CD3 LTi cells among neonatal splenocytes from WT mice (n = 6) cultured for 1 and 3 days as hanging drops was
determined by flow cytometry (left). Dead cells were excluded from analysis by means of 7AAD. Right panel shows the mean percent recovery of
CD4+CD3 LTi cells after culture of splenocytes from six neonatal WT mice.(2) approximately half of the LTi cells cultured in the pres-
ence of IL-7 underwent one more division. We could not
fully exclude, however, that in the absence of IL-7, cycling
cells preferentially died. Altogether, our data indicate that
IL-7 was crucial for the survival of LTi cells and their fetal
liver progenitors.
DISCUSSION
In this study, we have shown that IL-7 was a growth factor
that directed survival of LTi cells. Increased in vivo avail-
ability of IL-7 in Tg mice led to the accumulation of LTi cells
and the formation of additional lymphoid organs. Mice650 Immunity 26, 643–654, May 2007 ª2007 Elsevier Inc.overexpressing IL-7 but lacking either RORg, a factor
required for LTi cell generation, or LTa1b2 normally ex-
pressed by LTi cells, had neither PP nor ELN. Taken to-
gether, in this model, de novo organogenesis was clearly
dependent on IL-7, LTi cell number, and LTbR signaling.
During the past years, extensive studies have been per-
formed to better understand the pathogenic mechanism
for ectopic lymphoid tissue development, so-called ‘‘ter-
tiary lymphoid tissue’’ at sites of chronic inflammation. A
key role of IL-7 in immunopathology of persistent inflam-
mation has been discussed (Hartgring et al., 2006). Mice
carrying an IL-7 Tg fused to an immunoglobulin heavy
chain promoter/enhancer or an SRa-driven IL-7 Tg
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Lympho-Organogenesis in IL-7 Transgenic Micedevelop diffuse T lineage infiltrates in the skin (Rich et al.,
1993) and the colon (Watanabe et al., 1998), respectively.
In humans, ectopic lymphoid follicles are found in patients
with rheumatoid arthritis, and disease development posi-
tively correlates with high concentrations of serum and
synovial IL-7 (Takemura et al., 2001; van Roon et al.,
2005). Moreover, both IL-7 and its receptor are implicated
in multiple sclerosis pathogenesis (Booth et al., 2005;
Traggiai et al., 2001). A causal link between IL-7 produc-
tion and tertiary lymphoid tissue formation has not been
investigated so far.
Here we report that increased availability of IL-7 pro-
moted de novo formation of PP and LN through LTi cells,
because in H-IL-7 RORg-deficient mice, which lack LTi
cells, PP and ELN were completely absent and no induc-
tion of VCAM+ stromal cells was observed. Consistent
with this, transfer of LTi cells isolated from neonatal
H-IL-7 mice into newborn Cxcr5/ mice induced the for-
mation of PP-like structures, thereby confirming their
functional properties.
In normal mice, neonatal LN suspensions injected intra-
dermally can aggregate and form lymphoid-like structures
(Cupedo et al., 2004). This is in line with numerous studies
in mice demonstrating a striking capacity of lymphoid cell
suspensions, e.g., from fetal thymic lobes, to grow and re-
aggregate at ectopic sites (Anderson and Jenkinson,
2001). In Tg mice, the expression of TNF family member
molecules and chemokines driven by a pancreas-specific
promoter is followed by the development of intrapancre-
atic tertiary lymphoid tissue (for review see Drayton
et al., 2006). In these studies, the intriguing question re-
mained: are LTi cells responsible for the spontaneous for-
mation of lymphoid tissue at these ectopic sites? Our data
clearly demonstrated that in a mouse model with in-
creased IL-7 availability, multiple LN developed spontane-
ously at ectopic sites in an LTi cell-dependent manner,
and furthermore, these ELN had a normal architecture,
were connected to afferent and efferent lymphatics, and
were functional in that they participated in T cell-depen-
dent B cell responses. In addition, we showed that upon
immunization with adjuvant, a procedure that induces an
inflammatory response, multiple ELN harboring Ab-
producing cells were generated at sites of injection. This
indicated that in H-IL-7 mice, functional tertiary lymphoid
follicles were formed at sites of inflammation. Consistent
with the formation of tertiary lymphoid tissues in patients
with autoimmune diseases, naive H-IL-7 mice spontane-
ously developed tertiary lymphoid follicles in target organs
for autoimmune reactions such as pancreas and salivary
gland.
Compared to H-IL-7 mice, IE-IL-7 mice formed similar
numbers of follicles per PP but no additional PP, and fewer
ELN and cecal LP. These results suggested that either the
amount of IL-7 required for the formation of ELN and in-
crease in lymphoid follicle numbers was below the amount
required for the organogenesis of additional PP, or alter-
natively that the sites or onset of IL-7 expression in
IE-IL-7 mice differed from H-IL-7 mice, thereby not allow-
ing de novo formation of PP during embryonic develop-ment. In addition, it is possible that the increased number
of follicles seen in IE-IL-7 and H-IL-7 mice was due to the
IL-7-driven increase in B and T cells, rather than an effect
during organogenesis. In agreement with this, local IL-7
Tg expression in enterocytes of Il7/ mice on a (B6x129
Ola)F1 hybrid background harboring some residual PP in
the jejunum and ileum could partially restore intestinal
lymphocyte compartments and PP numbers in the distal
small intestine but was unable to fully restore PP number
or size to that found in WT mice (Laky et al., 2000).
In a recent paper, the CCL21-driven formation of lym-
phoid structures in the thyroid gland was reported to oc-
cur independently of LTi cells but required the entry of
mature T cells (Marinkovic et al., 2006). It is likely that,
depending on the model and stimuli, other cell subsets
can contribute to the formation of ectopic tertiary lym-
phoid tissues. Various cell subsets, such as B cells, T
cells, and NK cells, can express substantial amounts of
LTa1b2 and, hence, may have a pivotal role in ectopic lym-
phoid tissue formation. In agreement with this, the contri-
bution of T and NK cells to postnatal LN development has
been reported (Coles et al., 2006). It remains to be eluci-
dated which additional signals, e.g., proinflammatory cy-
tokines or chemokines, are required for an LTi-indepen-
dent mechanism of tertiary lymphoid-tissue formation.
In fetal WT mice, IL-7 is produced by intestinal VCAM-1+
organizer cells (Nishikawa et al., 2003). We observed
a striking capacity of the entire small intestine of fetal
H-IL-7 mice to generate a continuous band of VCAM-1+ or-
ganizer cells on the antimesenteric wall before birth. The
fact that large numbers of LTi cells clustered to form aggre-
gates may explain the coalescence of VCAM-1 stainings in
neonates. Alternatively, there was an active mechanism
that allowed migration of VCAM-1 organizer cells into the
aggregates. This clearly demonstrates that VCAM-1+ PP
anlagen induction in the embryo was not fixed to particular
anatomical sites. A molecular feedback loop between IL-
7-producing VCAM-1+ PP organizer cells and IL-7-respon-
sive LTi cells might further contribute to cluster formation
and lympho-organogenesis. Indeed, IL-7 can induce
LTa1b2 expression by LTi cells, which is mandatory for
the engagement of LTbR on the organizer cells, and for
further lymphoid stroma differentiation (Honda et al.,
2001; Yoshida et al., 2002). Consistently, we observed
that LTa1b2 expression was upregulated on LTi cells of
both IE-IL-7 and H-IL-7 mice. Nevertheless, only in H-IL-
7 mice was an increase in PP number (5-fold) observed,
suggesting that increased LTa1b2 expression alone was
not sufficient to generate additional PP. In Lta/ H-IL-7
mice, ectopic LN and PP were undetectable, indicating
again that the de novo formation of lymphoid tissue was
strictly dependent on LTa1b2-expressing cells.
A direct role for IL-7 in LTi cell survival had not yet been
investigated. Here, we demonstrated that IL-7 was crucial
for the survival and subsequent cell division of LTi cells
and its FL progenitors. By using mice with either high or
intermediate IL-7 Tg expression, we observed that cell
numbers were amplified only if a high amount of IL-7
was available.Immunity 26, 643–654, May 2007 ª2007 Elsevier Inc. 651
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Lympho-Organogenesis in IL-7 Transgenic MiceIn the FL of E14.5 mice, IL-7R+ cells have been identified
as progenitors for LTi cells (Mebius et al., 2001; Yoshida
et al., 2001). In H-IL-7 mice, we found a 2-fold increase
in IL-7R+ a4b7+ FL cell numbers and a 3-fold increase in
the amount of IL-7 transcripts. We did not observe a signif-
icant in vivo effect of increased IL-7 availability on the rate
of proliferating a4b7+ FL progenitors and LTi cells. In vitro,
the presence of IL-7 for 1 day did not change the rate cell
divisions but substantially improved LTi cell recovery. In
the absence of IL-7 for 3 days, a further increase in the
proportion of apoptotic cells was observed. IL-7 also
had an effect on the rate of proliferation of LTi cells in vitro
at day 3, because approximately 50 percent of the cells
cultured in medium supplemented with IL-7 underwent
one more cell cycle. We cannot exclude that dividing cells
preferentially died without IL-7, thus explaining the differ-
ence in numbers of cycling cells. Both survival and subse-
quent cell division explain the in vivo and in vitro amplifica-
tion of a4b7+ FL progenitors and LTi cells. Likewise,
differentiation of a4b7+ FL progenitors into CD4+ CD3
LTi cells was dependent on the presence of IL-7. It is likely
that IL-7 delivers antiapoptotic signals to LTi cells, thus
promoting their survival. In line with this, the expression
of antiapoptotic Bcl family members such as Bcl-2 and
Bcl-X has been recently reported in LTi cells of fetal spleen
after a 5 day in vitro culture period in the presence of IL-7
(Kim et al., 2006).
Our data clearly show that the process of lymphoid-
organ formation is highly plastic and can be influenced
by the increased expression of IL-7 leading to the expan-
sion of the pool of LTi cells through preventing apoptosis.
The degree of lymphoid-tissue formation was tightly de-
pendent on the amount of IL-7. Our findings extend the
previously defined role of IL-7 for PP development to
a more general function of IL-7 in inducing lympho-organ-
ogenesis. In addition, they suggest that organized tertiary
lymphoid organs can develop, provided that IL-7 and suf-
ficient numbers of LTab-expressing LTi cells are available.
EXPERIMENTAL PROCEDURES
Mice
CIITA IL-7 double-transgenic mice (H-IL-7) were generated by cross-
ing heterozygous CIITA Tg females (Otten et al., 2003) with heterozy-
gous IL-7 Tg (IE-IL-7) males (Mertsching et al., 1996). Lta/ mice
were originally generated by De Togni and colleagues (De Togni
et al., 1994). Cxcr5/ mice were originally generated by Foerster
and colleagues (Forster et al., 1996). RORg-deficient mice were kindly
provided by D. Littman (Sun et al., 2000). Il7/ mice (von Freeden-
Jeffrey et al., 1995) were at least 8 times backcrossed to C57BL/6
mice. For visualizing LN, 1% Chicago sky blue 6B (Sigma-Aldrich)
diluted in PBS was injected s.c., and mice were analyzed 30 min or
4 days later. Mice were housed under standard conditions in a patho-
gen-free mouse facility. The study received the approval of the
Cantonal Veterinary Office of the city of Basel, Switzerland.
Adoptive Cell Transfer and Immunization
Sorted CD4+CD3 cells were injected intravenously (i.v.) into newborn
Cxcr5/ mice as previously described (Finke et al., 2002). For in vivo
immunization, adult age-matched WT and H-IL-7 mice were immu-
nized with one single s.c. injection of 50 mg of the T-dependent
B cell antigen NP-CGG (Biosearch Technologies) Alum precipitate.652 Immunity 26, 643–654, May 2007 ª2007 Elsevier Inc.1 and 2 weeks later, mice were sacrificed, and draining as well as non-
draining LN were analyzed for specific T-dependent B cell responses.
ELISPOT Assay
96-well Nunc Maxisorp plates were coated with 50 ml of NP-conju-
gated bovine serum albumin (NP-NP3 BSA and NP33-BSA at a concen-
tration of 5 mg/ml [Biosearch Technology Inc. Novato, CA]). After block-
ing with PBS/1% BSA, plates were incubated with various dilutions of
LN cell suspensions, followed by washing and incubation with biotiny-
lated goat anti-mouse Ig (CALTAG) overnight. After incubation with
streptavidin alkaline phosphatase (Boehringer Mannheim) in PBS/
Tween, substrate solution (5-Bromo-4-chloro-3-indolyl-phosphate
(Sigma) dissolved in 1-Amino-2-Methyl-1-Propanol (Sigma) was
added and stopped 4 hr later.
Flow Cytometry Analysis and Cell Sorting
Single-cell suspensions from fetal intestine (E16.5) were obtained by
incubating the intestine in PBS containing 1 mg/ml dispase (GIBCO)
for 15–25 min at 37C. Single cells derived from spleen, LN, intestine,
or FL were incubated with the anti-mouse FcgRII MAb (clone 2.4G2)
before incubation with a mix of fluorochrome-conjugated Ab. Sample
acquisition was performed with a FACScalibur (Becton Dickinson).
Cells were sorted with a FACS Aria (Becton Dickinson).
Antibodies
MAb either biotinylated or conjugated to fluorochromes (FITC, PE, PE-
Cy5, PE-Cy7, APC) were directed against the following mouse Ag:
CD45 (30-F11, Biolegend), MHC II (M5.114.15.2, Biolegend), CD3
(145-2C11, eBioscience), CD4 (H129, Biolegend), CD8 (53-6.7, Biole-
gend), CD11c (N418, eBioscience), CD19 (6D5, Biolegend), B220
(RA36B2, Biolegend), CD93 (AA4.1, eBioscience), IgD (1.19), Peanut
Agglutinin (Vector Laboratories), GL-7 (Ly-77, PharMingen), VCAM-1
(429, eBioscience), LTbR Ig (kind gift from J. Browning, Biogen, Cam-
bridge, MA), a4b7 (DATK 32, BD Bioscience), c-Kit (CD117) (ACK2,
eBioscience), and IL-7Ra (A7R34, eBioscience). Lineage cocktail mix
contained MAb specific for CD3, CD8, CD11c, CD11b (M1/70, Biole-
gend), CD19, B220, Gr-1 (RB6-8C5, eBioscience), and NK1.1
(PK136, eBioscience).
Analysis of Cell Proliferation and Cell Death
250 mg and 1.8 mg of BrdU diluted in PBS was injected i.p. into new-
born and E14.5 pregnant adult mice, respectively. 5 or 1.5 hr later,
mice were sacrificed, splenocytes harvested from newborn mice, or al-
ternatively FL cells cell suspensions were derived from E14.5 embryos,
and surface staining with MAb was performed as described before.
Cells were fixed, permeabilized, and stained with FITC-conjugated
anti-BrdU Ab (BD Pharmingen) or isotype controls according the man-
ufacturer’s instruction (BD Pharmingen). In order to determine cell di-
visions of LTi cells, total splenocytes from neonatal C57BL/6 mice
were labeled with 0.2 mM CFSE (Invitrogen) for 10 min at 37C. After
washing in PBS 10% FCS, cell suspensions were plated in a final con-
centration of 5 3 105 cells/30 ml in Terasaki plates, and plates were
inverted to generate hanging-drop cultures. 1 or 3 days later, cells
were harvested and analyzed by flow cytometry.
In order to determine the rate of apoptosis in FL and LTi cells cul-
tured with or without IL-7, FACS-sorted a4b7+ c-Kit+ lin cells were
cultured on irradiated (2000 Rad) ST-2 stromal cells in IMDM/FCS sup-
plemented with 3% IL-7 supernatant. After 7 days, IL-7 was withdrawn
from half of the plate and replaced by medium without IL-7. 48 hr later,
cells were harvested and analyzed with the Annexin V and 7AAD label-
ing kit from BD Pharmingen according to the manufacturers’ proto-
cols. In brief, 106 cells were surface stained with various Ab and resus-
pended in Annexin V binding buffer, followed by adding Annexin V-Cy5
and 7AAD. After 15 min incubation of the cell suspension at room tem-
perature, cells were analyzed by FACS Calibur.
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FACS-sorted a4b7+c-Kit+ lin FL cells (E14.5) and neonatal CD4+ lin
LTi cells were cultured in IMDM/FCS supplemented with antibiotics
(penicillin/streptomycin, ciproxine, kanamycin), 0.5 mg insulin per
100 ml, 0.1% mercaptoethanol, and 1% of nonessential amino acids
on irradiated (2000 Rad) ST-2 stromal cells with or without IL-7 super-
natant (3%) or with blocking anti-IL-7Ra Ab (clone A7R34; 50 mg/ml).
RT-PCR and Quantitative Real-Time PCR Analysis
For RT-PCR of RORgt, the following primers were used (forward [F], re-
verse [R]): RORgt [F] ACCTCCACTGCCAGCTGTGTGCTGTC, [R]
TCATTTCTGCACTTCTGCATGTAGACTG. The cycling conditions for
RORgt RT-PCR were: 5 min at 95C, followed by 35 cycles of 1 min
at 95C, 30 s at 65, and 45 s at 72C. The primers for the TATA box
binding protein (TBP) were used: [F] CCATTCTCAAACTCTGACCAC3,
[R] CCGTGGCTCTCTTATTCTCAT. The cycling condition for TBP RT-
PCR were: 5 min at 95C, followed by 35 cycles of 30 s at 95C, 30 s at
55C, and 30 s at 72C. Quantitative real-time PCR was performed
with the ROTOR-GENE RG-3000 with the sensiMix (dT) (Quantace).
The following primers were used: IL-7 [F] GATAGTAATTGCCCGAA
TAATGAACCA, [R] GTTTGTGTGCCTTGTGATACTGTTAG, LTb [F]
AATGCTTCCAGGAATCTAGCC, [R] CCAAGCGCCTATGAGGT, TBP
[F] CGTGAATCTTGGCTGTAAACT, [R] GTCCGTGGCTCTCTTATTCT.
The cycling conditions for IL-7 real-time PCR were: 10 min at 95C,
followed by 40 cycles of 10 s at 95C, 15 s at 60C, and 20 s at 72C.
The conditions for LTb real-time PCR were: 10 min at 94C, followed by
40 cycles of 10 s at 95C, 5 s at 60C, and 6 s at 72C. The relative ex-
pression of target genes was measured in triplicate and normalized to
the expression amount of TBP. The fold difference (as relative mRNA
Tg expression) between samples derived from H-IL-7, IE-IL-7, and
WT mice was calculated by the comparative CT method (DDCT) and
the received values were illustrated.
Immunohistochemistry and Immunofluorescence Microscopy
Immunostainings of frozen sections and whole-mount immuno-
histochemistry analysis of fetal (E16.5) and newborn intestine was per-
formed as previously described (Finke et al., 2002). For immuno-
fluorescence staining, 10 mm acetone-fixed cryosections of neonatal
intestine or adult LN were incubated with the primary rat anti-mouse
Ab, followed by incubation with the secondary goat anti-rat Ig Cy3
(Jackson ImmunoResearch) and by incubation with biotinylated rat
anti-mouse Ab in PBS. Sections were stained with Streptavidin Alexa
488 (Molecular Probes) in PBS/1% BSA and finally embedded in
Fluorsave (Calbiochem).
Statistical Analysis
To evaluate statistically significant differences, we used unpaired
two-tailed Student’s t test. p values less than 0.05 were considered
statistically significant.
Supplemental Data
Five figures are available at http://www.immunity.com/cgi/content/
full/26/5/643/DC1/.
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